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ABSTRACT

With a Curie temperature just above room temperature, AlFe,B, is a useful magnetocaloric material composed of earth-abundant elements.
We employ temperature-dependent high-resolution synchrotron X-ray diffraction to establish with high certainty that the paramagnetic to
ferromagnetic transition in AlFe,B; is of second order, showing no discontinuity in lattice parameters or cell volume. Nevertheless, the lattice
parameters undergo anisotropic changes across the transition with distinct differences in the thermal expansion coefficients. While the a and
b lattice parameters show a positive thermal expansion, ¢ shows a negative thermal expansion. We link these changes to the respective inter-
atomic distances to determine the contribution of magnetism to the anisotropic structural evolution. The work underpins the possible role of
magnetostructural coupling in driving the magnetocaloric effect in AlFe,B,.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0007266

In recent years, magnetocaloric refrigeration has been proposed
as an attractive alternative to traditional vapor-compression refrigera-
tion so as environmentally unsafe refrigerants can be avoided, and
there is the promise of improved efficiency."” Magnetocaloric materi-
als exhibit the magnetocaloric effect (MCE) and usually order ferro-
magnetically. When a magnetic field is applied to the material near its
transition temperature, a paramagnetic to ferromagnetic transition is
induced, causing the magnetic entropy to decrease significantly. If this
magnetization is performed adiabatically, the temperature increases to
conserve the overall entropy. Upon demagnetization, the temperature
decreases. Thus, magnetocalorics with a magnetic phase transition
near room temperature can be used as solid state magnetic refriger-
ants.” The gravimetric entropy change in the presence of a magnetic
field under isothermal conditions, ASy, is commonly used to charac-
terize the magnitude of the MCE in a material.

Gadolinium is often considered the prototypical magnetocaloric
material, with its large spin moment and Curie temperature near
room temperature,’ but for large-scale applications, more
environmentally-friendly and earth-abundant materials are desired.
Magnetically soft materials made with earth-abundant elements with
magnetic transitions near room temperature are therefore an attractive
target in the search for practical magnetic refrigerants. While binary
borides have high Curie temperatures,” more magnetically dilute bor-
ides can have transition temperatures closer to room temperature.”

Because the transition temperatures of these materials directly affect
their practicality, many studies have investigated how the Curie tem-
perature can be tuned in intermetallic compounds.”*

It is well known that magnetostructural coupling can lead to a
giant MCE in materials with first-order magnetostructural phase tran-
sitions, such as the transition seen in GdsSi,Ge, which involves a
change in magnetic state accompanied by a simultaneous change in
crystal structure.'>'* While the large entropy and temperature changes
achievable with first-order magnetostructural transitions are desirable,
such transitions present challenges for use in practical devices. First-
order transitions show hysteresis, resulting in losses, and discontinu-
ous structural transitions may lead to mechanical degradation and rate
limitations while cycling. Therefore, it is of great interest to find mate-
rials with second-order phase transitions that nevertheless show a large
MCE.

It is often assumed that the magnitude of the MCE observed at a
continuous phase transition is only controlled by the saturation mag-
netization, while the role of magnetostructural coupling in these mate-
rials has frequently been overlooked. However, the Bean and Rodbell
model,'® which is frequently used to understand giant MCE materials,
shows that magnetostructural coupling can also greatly enhance the
MCE in materials with second-order transitions."” This model is sup-
ported by experimental results from systems such as LaFe,;_,Si,'’ and
Mn,Fe, 95 ,PsSips, ~ where chemical tuning controls the strength of

Appl. Phys. Lett. 116, 212403 (2020); doi: 10.1063/5.0007266
Published under license by AIP Publishing

116, 212403-1


https://doi.org/10.1063/5.0007266
https://doi.org/10.1063/5.0007266
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0007266
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0007266&domain=pdf&date_stamp=2020-05-27
https://orcid.org/0000-0003-1131-9829
https://orcid.org/0000-0002-7523-152X
https://orcid.org/0000-0002-8663-8018
https://orcid.org/0000-0002-2883-4694
https://orcid.org/0000-0001-5858-4027
mailto:yoey@ucsb.edu
https://doi.org/10.1063/5.0007266
https://scitation.org/journal/apl

Applied Physics Letters

magnetostructural coupling within both first- and second-order
regimes. Similarly, it was found that MnB displays a much larger mag-
netoelastic coupling than FeB, and consequently shows a peak value of
—ASy that is three times larger.” A survey of magnetocalorics based
on density functional theory calculations has established a broad cor-
relation between magnetostructural coupling (approximated using
magnetic deformation calculations) and MCE in materials with both
first-order and continuous transitions.'"'>'”*" This work made the
prediction that AlFe,B,, among some other materials with strong
magnetocaloric effects observed at continuous magnetic transitions,
would display strong magnetostructural coupling when investigated
experimentally.

AlFe,B, was first isolated and its crystal structure solved by
Jeitschko in 1969.”" Much more recently, the compound has been
identified as a strong magnetocaloric material comprising earth-
abundant elements with a paramagnetic to ferromagnetic transition at
285 K.” This transition temperature increases to 308 K when AlFe;,B, is
grown using Ga flux, possibly due to an off stoichiometry of Al:Fe,”
and the maximum —AS; for H=>5 T is around 8.0 kg ' K™'.>* For
comparison, Gd, which serves as the benchmark magnetocaloric mate-
rial, also shows a peak —ASy; of around 8 J kg ' K™ ' at H=5 T. The
large MCE in Gd is generally attributed to its high saturation magneti-
zation of 254 A m” kg~ '.”* AlFe,B,, on the other hand, displays a satu-
ration magnetization of just 80.6 A m* kg . Although there was initial
confusion about the nature of the transition in AlFe,B, with a report of
a first-order transition,”” more recent studies utilizing neutron diffrac-
tion and temperature- and field-dependent magnetizations have sug-
gested that AlFe,B, actually undergoes a continuous transition.”* *’
Therefore, it is of interest to understand how AlFe,B, achieves such a
large MCE despite its modest saturation magnetization.

Here, we show that a closer look at the structural evolution of
AlFe,B, using high-resolution synchrotron X-ray diffraction data
acquired at temperatures spanning the Curie temperature reveals that,
while AlFe,B, does not exhibit any discontinuities or structure-type
changes across its magnetic transition temperature, it does display pro-
nounced magnetoelastic effects. The magnetic transition is accompanied
by the anisotropic evolution of the a, b, and c lattice parameters, as well
as the atomic positions. Our findings for AlFe,B, are supported by den-
sity functional theory (DFT) calculations, which show that magneto-
structural coupling, and not just saturation magnetization, plays a key
role in inducing a large MCE at second-order magnetic transitions.
Other promising magnetocalorics displaying second-order phase transi-
tions may also show magnetostructural coupling if they are studied
more carefully using high-resolution synchrotron or neutron diffraction.

Samples of AlFe,B, were prepared using Ga flux as previously
reported.” A Quantum Design Physical Property Measurement
System (PPMS) Dynacool with a vibrating sample magnetometer
(VSM) was used to take temperature-dependent magnetization data at
H=02 T between 5K and 375K. Field-dependent magnetization
data were acquired at a temperature of 5K in a field between H= —5
T and 5T. To determine the magnetic entropy change as a function of
the applied field, ASy(H,T) was obtained from the appropriate
Maxwell relation, using M vs T measurements taken by the sweeping
temperature at fixed magnetic fields between H=0.1 T and 5T, and
data were analyzed using the magentro.py code.”’ High-resolution
synchrotron powder X-ray diffraction data were acquired at the
Argonne National Laboratory, Advanced Photon Source (APS), on
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beamline 11-BM with an average wavelength of /. = 0.414581 A. Data
at 200K and 350 K were collected between Q=0.1A"" and 12A™".
Temperature-dependent diffraction patterns were collected in the
range of Q= 1.00-4.75 A~ every 2.3 K as the sample was cooled from
336 K to 282K, and every 0.5 K between 312 K and 300 K through the
magnetic transition. Topas Academic”' was used to refine the patterns
using both sequential and parametric refinements.”” Crystal structures
were visualized using VESTA.™

Rietveld refinement of the synchrotron data acquired at 350K is
shown in Fig. 1. Due to the anisotropic nature of AlFe,B,,” the pat-
terns were fit using the Stephens peak-shape function for an ortho-
rhombic phase.”” The main phase is orthorhombic Cmmm AlFe,B, as
expected.” A tetragonal P4, /mnm secondary phase Fe(Ga,Al);™* that
was not detected on a laboratory X-ray diffractometer is observed in
this synchrotron pattern as 6.20(3) wt. % of the sample, with Ga being
incorporated from the flux. The refined composition of this phase is
FeGay g25(8)Al1.172(s) With lattice parameters a = b= 6.25621(2) A and
c=6.48051(4) A. Because this secondary phase exists as a constant
weight percent through all of the scans, we assume that it does not
affect the structural transition that we observe in the main phase
AlFe,B,. Moreover, Fe(Ga,Al); is not magnetic,j(‘ so it does not con-
tribute to the magnetism observed for this sample. The AlFe,B, struc-
ture (the inset of Fig. 1) consists of B atoms spaced 1.75 A apart and
arranged in 1D zigzag chains along the a axis, with Fe atoms between
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FIG. 1. High-resolution synchrotron X-ray diffraction data acquired at T=350K fit
using Rietveld refinement with the two phases AlFe;B, (space group Cmmm, #65)
and Fe(Al,Ga); (6.20(3) wt. %, space group P4,/mnm, #136). The crystal struc-
ture of AlFe,B, displayed as an inset consists of 1D chains of B atoms running
along the a axis separating Fe atoms. Al are at the corners and are C-centered.
The Cmmm structure of AlFe,B, at 350K: a=2.93392(1) A, b= 11.05318(2) A,
and ¢ =2.87466(1) A. Al at 2a, (0,0,0); Fe at 4j, (0,0.35397(1),0.5); and B at 4i,
(0,0.2066(1),0). Parentheses on the last significant figure indicate the calculated
uncertainty.
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these chains. The caption of Fig. 1 lists the key structural details from
the refinement of the T= 350 K data.

Figure 2(a) displays M vs T under a constant field H=0.1 T and
confirms the reported ferromagnetic ordering at To=308K.” The
inset of this figure shows M vs H at T= 5 K. The saturation moment is
75.6 A mzkgf1 for the sample, and with 6.20(3) wt. % non-magnetic
secondary phase, the saturation moment for AlFe,B, is 80.6 A m’
kg ' (2.31 pp fu.” ). This yields a magnetic moment of 1.16 pp Fe ',
comparable to the reported DFT calculated moments of 1.25-1.32 up
Fe """ Figure 2(b) displays the evolution of the magnetic entropy
change under different applied maximum magnetic fields. A large
—ASy; value of 8.0] kg ' K was observed under H=5 T, thereby
confirming the previously reported magnetocaloric properties of
AlFe,B,.” The relatively low saturation magnetization and yet signifi-
cant AS), indicate that saturation magnetization is not the only driving
factor for the MCE in AlFe,B,.

To investigate how the structure evolves as a function of tempera-
ture, parametric Rietveld refinements were performed on variable-
temperature synchrotron X-ray diffraction data. Figure 3(b) displays
the normalized lattice parameters as a function of temperature, and a
and b show a positive thermal expansion, while ¢ shows a considerable
negative thermal expansion. All three lattice parameters show non-
linear changes without any discontinuities, indicative of a second-
order phase transition. The sharpest change in these parameters occurs
at the magnetic transition temperature, where the lattice parameters
either increase or decrease by about 0.1-0.2% between 310K and
280 K. The unit cell volume shows an overall slight thermal expansion,
but right below the T between 300 K and 308 K, there is a slight con-
traction, leading to very little overall change. This is reminiscent of the
Invar effect, in which there is almost a zero volume change with
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FIG. 2. (a) Temperature-dependent magnetization of AlFe,B, acquired under a field
of H=0.1 T. Field-dependent magnetization taken at T= 5K is shown in the inset.
The adjusted saturation magnetization value for only AlFe,B, at T=5K and H=5
Tis 80.6A m?kg~" (emu g~"). (b) At a field of H=5 T, —ASy has a maximum
value of 8.0J kg~ K.
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FIG. 3. (a) Temperature-dependent magnetization taken at H=0.1 T with its
respective derivative (peaking at 308 K) is compared with the (b) evolution of the
scaled lattice parameters a, b, and ¢, and unit cell volume as a function of tempera-
ture. The values in (b) are normalized by their respective values at T=280K. a
and b display the positive thermal expansion in the temperature range displayed,
while c displays a large negative thermal expansion.

temperature after the onset of magnetization.”” Although a 0.1-0.2%
change in the lattice parameter may seem small, these changes are
many times stronger than the magnetostriction commonly observed
in ferromagnetic materials,” including Gd.”” These changes are, how-
ever, comparable to those seen in MnB, which has been found to
derive a strong MCE from its magnetostructural coupling,*

It is interesting to compare these lattice parameter changes to the
results of the DFT magnetic deformation study reported previously."”
In the previous study, DFT structural optimizations with and without
spin polarization were performed to estimate the effect that magnetism
plays on the structure. For AlFe,B,, upon the introduction of spin
polarization, the a, b, and c lattice parameters changed by —0.8%,
—2.6%, and 5.6%, respectively. The changes upon magnetic ordering
in the experimental lattice parameters are far smaller (as usual) but
mirror these signs and relative magnitudes remarkably well, with the
largest increase in the lattice parameter seen in the ¢ axis and smaller
negative changes seen in the b and a axes. This is interesting because
non-spin-polarized DFT is not, in general, a good approximation for
the high-temperature paramagnetic state as it does not consider the
effect of local magnetic moments. The strong correspondence between
the experiment and calculation seen here may be due to the fact that
the magnetism in AlFe,B, shows a substantially itinerant character.”

Interatomic distances (Fig. 4) show a concomitant anisotropic
evolution with temperature due to a combination of the lattice param-
eters and internal atomic coordinates. Most notably, the Fe-Fe dis-
tance along the b axis between adjacent unit cells has a pronounced
positive thermal expansion from about 3.217 A to 3.226 A [Fig. 4(a)].
However, this expansion is not as smooth as the b parameter shown in
Fig. 3, suggesting that the cell may not be uniformly expanding.
Meanwhile, the Fe-Fe distance along the c axis, which is equivalent to
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FIG. 4. Evolution of atom-atom distances across the Curie temperature of Tc =308 K (indicated as a dashed vertical line). (a) The Fe—Fe distances along the b axis show a
positive thermal expansion until the transition temperature, whereupon the rate of expansion displays a distinct decrease. (b) Between unit cells along the c direction, Fe atoms
are bonded and show the greatest change in the slope. (c) The shortest Fe-Fe distance remains largely constant over this temperature range, suggesting that the competing
lattice expansion in the b direction and contraction in the ¢ direction almost balance out for these pairs of atoms. Neither the (d) B-B bonds nor the (e) closest Fe-B distances
change very much. For clarity, all of the panels (a) through (e) have the same ordinate range of 0.02 A; the distances discussed in the panels are related to the crystal structure

on the right.

the ¢ lattice parameter, shows the opposite effect [Fig. 4(b)]. The short-
est Fe-Fe contact, which lies in the ab plane, shows only very small
changes, but an anomaly at the magnetic transition temperature can
be clearly resolved [Fig. 4(c)]. The B-B bonds connecting adjacent B
atoms show the largest fractional change across the Curie temperature,
with a positive thermal expansion from about 1.75 A to 1.76 A
(around 0.5%) between 280 K and 340 K [Fig. 4(d)], while the shortest
Fe-B interaction shows a slight negative thermal expansion, indicative
of the competing forces of the a parameter positive expansion and ¢
parameter negative expansion [Fig. 4(e)]. Based on these results, we
can conclude that the magnetic order is accompanied by a strengthen-
ing of the B-B bonding and the Fe-Fe bonding along the b axis at the
expense of a weakening Fe-Fe bonding along the ¢ axis and the Fe-B
bonding.

Despite the modest saturation magnetization in AlFe,B,, the
material shows a significant magnetocaloric effect comparable to that
of Gd metal. Here, we propose that this effect is driven by magneto-
structural coupling, which we observe through high-resolution tem-
perature-dependent synchrotron studies. Given that AlFe,B, has quite
alarge —AS) and pronounced magnetostructural coupling, but shows
no hysteresis, it may sit close to a tricritical point between the first-
and second-order magnetic transitions."’ In this way, AlFe,B, derives
the enhanced magnetocaloric properties from the magnetostructural
interaction without the practical downsides associated with the first-
order transitions. Our results suggest that the large MCE seen in other
materials with continuous transitions may also be attributed to magne-
tostructural coupling instead of purely to saturation magnetization.
Furthermore, strategies to control the strength of magnetostructural
coupling in materials with continuous transitions, such as by chemical
substitutions, are expected to be powerful tools to optimize the magne-
tocaloric effect.

See the supplementary material that contains refinement parame-
ters of AlFe,B, for synchrotron X-ray diffraction data taken at 350 K.
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